A total of 24 newborn pigs were used to determine 1) the relalionship between the quantity of colostrum consumed and the capacity for gluwneogenesis and fatty acid oxidation and 2) whether fatty acid oxidation l i m i t s gluconeogenesis in isolated hepatocytes. Neonatal pigs were obtained prior to nursing and allotted to one of three treatment groups: fed (ad libitum), limit-fed (25% of fed group), or fasted. Hepatocytes were isolated when pigs were 24 h old. Colostrum intake alted the metabolic status of neonates such that the capacity for glucose synthesis and oxidation of octanoate increased with intake. Glucose synthesis with lactate as the substrate was greater (P c .01) for fed pigs (10.79 p o l glucose-h-l-mg DNA-') than for either limit-fed (6.56) or fasted count-(4.78), which were similar (P > .lo). Colostrum intake failed to stimulate synthesis from alanine. The oxidation rate for octanoate was similar for fed and limit-fed pigs (.62 and .61 nmol COzh-'.mg DNA-' , respectively) but greater (P < .05) than that observed for fasted coll~lterparts (-36). Oxidation of octanoate (2 mM) was approximately *fold greater than for oleate (1 mM); oxidation of the latter was not af€ected by either colostrum intake or the addition of carnitine (1 mM). The increase in octanoate oxidation, however, did not elicit an haease in glucose synthesis by fasting pigs with either lactate or alanine as precursors. Thus, we conclude that gluconeogenesis is a function of colostrum intake and that reducing equivalents and(0r) ATP may not be primary factors limiting glucose synthesis in pigs fasted from birth. (Pegorier et al., 1982) . In wntrast, the fasting counterpart (from birth) cannot generate sufficient glucose to pnxlude development of hypoglycemia. The mechanism by which colostrum stimulates gluconeogene sis is unclear, but it is conceivable that growth factors present in colostrum effect critical morphological and(or) biochemical changes.
benefits include both immune and glucoregulatory aspects. This study was conducted to determine 1) the extent to which a practical regimen for colostrum supplementation could increase hepatic gluconeogenesis and fatty acid oxidation and 2) whether gluconeogenesis is limited by inadequate fatty acid oxidation.
Materials and Methods
Animals and Treatments. Neonatal pigs from first-, second-, and third-parity crossbred (Yorkshire x Landrace) sows were obtained immediately after birth, prior to nursing. Parturition was induced with a 10-mg injection (i.m.) of prostaglandin F 2 d at 0800 on d 110 of gestation followed approximately 24 h later by a 40-IU injection (i.m.) of oxytocin. Neonatal pigs (26 total) were randomly allotted to one of three treatment groups: fed, limitfed, or fasted. Fed pigs remained with the sow to nurse ad libitum, and fasted pigs were placed in individual cages in an environmentauy controlled room (32 f 1T). Limit-fed pigs were likewise placed in individual cages but were provided with 25 ml of colostrum at 4-h intervals (4, 8, 12, 16 , and 20 h after birth). The quantity of colostrum provided to the limit-fed group at each feeding was approximately 25% of the amount consumed by the fed group during a comparable 4-h period (Lepine, unpublished data) . This treatment was intended to serve as a model for the lesscompetitive (or supplemented) neonate. Colostrum adequate for feedings during the experimental period (>125 ml) was collected from the sow after completion of farrowing. Water was available ad libitum to both fasted and limit-fed pigs.
Isolation of Hepatocytes. Hepatocytes were isolated from neonates at approximately 24 h of age using a modification of the procedure described for lambs by Clark et al. (1976) but based on the original method of B e q and Friend (1969) . The liver was acquired under general anesthesia using 2-bromo-2-chloro-1.1 ,l-trifluoroethane5. Anesthetized pigs were kutalyse, TIE upjohn CO., KAWWO secured in the dorsal recumbent position. The peritoneal cavity was exposed by a lateral incision which began at the lower abdomen, proceeded anteriorly to the diaphragm, and transversed along the margin of the rib cage to the contralateral aspect and then posteriorly to the lower abdomen. Care was taken not to penetrate the diaphragm during this procedure. The portal vein was located and heparin (500 USP unitskg) was injected via a 25-gauge needle. In preliminary attempts we encountered difficulty in consistent and rapid cannulation of the portal vein and therefore the inferior vena cava was cannulated. To accomplish this, the pleural cavity was rapidly opened by cutting and spreading the rib cage, allowing access to the inferior vena cava. Two ligatures were placed loosely around the inferior vena cava and a small incision was made anterior to the ligatures. An infusion cannula (3 mm 0.d. polyethylene tubing) was inserted (posterior direction) into the incision and secured by the ligatures. The portal vein was then severed, allowing a nonrwirculating, &-free Krebs-Henseleit bicarbonate buffer (equilibrated with 95% 02:5% C02) to flush the blood from the liver in situ. Gentle massaging of the liver facilitated flushing. Approximately 1 rnin passed from the opening of the pleural cavity to flushing of the liver with perfusion buffer, thereby minimizing cell damage. The liver was then carefully dissected from the pig and placed on the supporting stage of a perfusion apparatus consisting of a water-jacketed oxygenator (Krebs et al., 1974) for warming and oxygenating the perfusion media, a peristaltic pump6 and a water circulator7. A three-way valve allowed conversion of the system to a recirculating perfusion with fresh, Ca-free Krebs-Henseleit bicarbonate buffer. Clamping the hepatic artery enhanced the overall perfusion of the liver. Collagenases was added to the perfusion media to a final concentration of approximately .025%. Perfusion flow rate was maintained at 90 ml/min at 37'C until the liver was sufficiently digested as determined by the development of a jelly-like consistency (20 to 25 min). The digested liver was placed in a beaker containing fresh, Ca-free Krebs-Henseleit bicarbonate buffer and minced with scissors. Filtering the resulting suspension through a 250-pm nylon mesh removed any undigested tissue. (Chen, 1967; Spector and Hoak, 1969) . Optimum substrate levels were determined by concentration response curves (Lepine, 1988) and were similar to those used by previous investigators (Feme et al., 1981; Pegorier et al., 1983; Duee et al., 1985) . All flasks contained a final concentration of 2.5% defatted BSA. Incubation flasks were flushed with 95% 0 2 5 % CO, after hepatocyte addition and were capped with a rubber stopper (gluconeogenic rate flasks) or a stopper containing a center well and filter paper (fatty acid oxidation rate flasks). Incubations proceeded for 60 min in a reciprocating water bath (37'C) at 100 oscillations/min. ' Ability to maintain metabolic competence of the isolated hepatocytes was evaluated through 105 min of incubation by measuring ATP concentration and extracellular lactate dehydrogenase (LDH) activity (Lepine, 1988) .
Hepatocyte ATP was maintained approximately constant and was generally within 1.8 to 2.3 pmoVg of hepatocytes throughout the incubation perid Extracellular LDH of frozen aliquot activity was generally under 8%. Concentrations of ATP and LDH were determined by the methods of Lamprecht and Trautscheld (1974) and Bergmeyer and Bemt (1974) and are indicative of biochemical competence and membrane integrity, respectively. CorneU (1983) demonstrated that, as the ATP level of isolated hepatocytes fell below the level of freeze-clamped liver (approximately 2.3 pmoVg), cell membrane integrity deteriorated and cytosolic enzymes (e.g., LDH) "leaked" into the incubation media Levels (postincubation) determined to be acceptable for assays ranged from 1.7 to 2.6 pmol of ATP/g of hepatocytes with an extracellular LDH activity of 4 0 % . Eventually, LDH activity was employed for routine assessment given its simplicity and association with the acceptable ATP range. Preliminary incubations also demonstrated that gluconeogenic rates for alanine and lactate were constant through 60 min of incubation.
Incubations were terminated by addition of .6 ml of 30% HClO4 to the flasks either directly by pipetting (gluconeogenic flasks) or by injecting through the rubber stopper (fatty acid oxidation flasks). Carbon dioxide was trapped by injecting KOH (20%; .2 ml) through the stopper into the center well of the fatty acid oxidation flasks and allowing an additional 60-min incubation. The filter paper was then removed to a scintillation vial containing 10 ml of scintillation fluid" and radioactivity was determined in a liquid scintillation spectrophotometer12 for the determination of CO, production. (The contents of the incubation flasks were centrifuged at 1,800
x g for 10 min at 4'C and a .5-ml aliquot of the Supernatant removed to a scintillation vial containing 10 ml of scintillation fluid to determine acid-soluble product [ASP] formation, an estimate of ketone production.) The remainder of the supernatant was neutralized by the addition of KOH in the presence of a pH indicator solution13. Glucose was isolated from neutralized supernatants by ion exchange chromatography. A .5-ml aliquot was applied to an anion column (.8 x 10 cm, Dowex 1-8x, 100 to 200 mesh, Cl-forml4) that was attached to a cation exchange column (.8 x 10 cm, Dowex 50-8x, 100 to 200 mesh, H+ form).
Glucose was eluted, lyophilized, and reconstituted to a volume of 1.0 ml. Glucose radioactivity was determined using a liquid scintillation spectrophotometer. overnight at 105'C in a forced-air oven. Aliquots of the hepatocyte suspension were also used for the analysis of DNA content using the procedures of Burton (1956) and Tedesco and Mellman (1966) . It became apparent that hepatocytes isolated from fed pigs weighed more per cell than those derived from fasted pigs-a difference not simply reflecting a change in water content. Consequently, data were expressed per unit of DNA. Statistical Analysis. Data were analyzed by an analysis of variance procedure appropriate for the split-plot arrangement using SAS (1982) . Three data points were determined to be outliers (Steel and Tome, 1960) and were excluded from the data set. Contrasts for the main effect of diet on glucose synthesis were limit-fed. Predetermined contrasts for the main effect of in vitro treatment were alanine vs lactate, alanine vs alanine + fatty acids, lactate vs lactate + fatty acids, alanine + oleate vs alanine + octanoate, and lactate + oleate vs lactate + octanoate. Diet effects on carbon dioxide and ASP production were likewise compared. No diet x in vitro treatment interactions (within substrate) existed for glucose synthesis or fatty acid oxidation (P > .lo).
The effects of in vitro treatment on fatty acid oxidation and ASP production were tested fed vs fasted, fed vs Limit-fed, and fasted vs using Tukey's Studentized Range Test to allow comparison of all preplanned combinations. A separate one-way ANOVA was computed for each glucogenic substrate (alanine, lactate) and fatty acid (oleate, octanoate) treatment in which no additions to the media occurred in order to obtain a specific comparison of the effect of colostrum intake on glucose synthesis, fatty acid oxidation, and ketogenesis (contrasts were as indicated for the complete model).
Results
The capacity for hepatic glucose synthesis is a function of the quantity of colostrum consumed by the neonatal pig (Table 1) . Hepatocytes of fed pigs synthesized glucose at a greater rate (P c .01) than those of either limit-fed or fasted counterparts when lactate was used as the substrate (10.8 vs 6.6 and 4.8 pol.h-'-mg DNA-', respectively). Even hited colostrum intake increased the capacity for gluconeogenesis relative to fasted pigs (+37%). In contrast, colostrum intake failed to stimulate alanine conversion to glucose beyond that exhibited by fasted pigs (P > .lo).
The most apparent difference between in vitro treatments was substrate source. Glucose production from lactate alone was approximately fourfold greater (P c .OS) than when alanine was used as precursor (10.8 vs 2.1 pol.h-'.mg DNA-'). This is not a novel finding for the fasted pig, but it demonstrates that this difference is not altered by colostrum. Neither the addition of the long-chain fatty acid oleate (18:l f camitine) or of the medium-chain fatty acid octanoate (8:O) proved stimulatory to glucose synthesis, even though the latter proved to be much more oxidizable ( Table 2) .
The capacity for hepatic oxidation of the long-chain fatty acid oleate was not improved with colostrum consumption (Table 2 ). In contrast, colostrum intake increased octanoate oxidation by approximately 75% compared with fasted counterparts (P < .05). Limit-fed pigs exhibited a capacity for octanoate oxidation similar to that of pigs allowed to nurse ad libitum. The rate of octanoate oxidation was approximately 20-to 30-fold greater than that observed for oleate. Addition of camitine to the incubation media was without effect.
Because both octanoate and oleate have the "%2 label at the first carbon but differ in chain length, equal rates of oxidation for both fatty acids could yield approximately twofold more [W]CO2 from octanoate. Therefore, the results quantitatively overestimate the true magnitude of difference between octanoate and oleate. Nevertheless, the marked difference in oxidation for the mediumchain length fatty acid oleate is obvious. The rate of ketone formation was estimated by the incorporation of "'C from fatty acid into the ASP fraction (Table 3) . Technical difficulties prevented the determination of ASP production from radiolabeled octanoate. The data for ASP production from ['%]18:0 were pooled within carnitine treatment (k carnitine), because no dietary treatment x in vitro treatment interactions were observed (P > .lo).
Addition of carnitine led to a slight increase in ASP formation; production of ketone products (* carnitine) likewise increased slightly with colostrum intake (fed, .068 vs fasted, .030 nmol.h-'-pg DNA-$ P < .05). Resulting rates were still very deficient.
Dlscusslon
Gluconeogenic rates in the present study were consistently higher but of a similar magnitude to those reported previously by Pegorier et al. (1982) Main effect of in vitro treatment within substrate: Additions to alanine or lactate failed to elicit an effect (P > .lo).
h a i n effect of substrate: alanine vs lactate (P c .OOI).
%ect of diet on substrate (atone) conversion: alanint (P > .lo); lactate (fed > limit-fed > fasted, P c .OS).
Coefficient of variation computed from the error mean square was 63%.
dMain effect of diet on substrate convmion: alanine (P > .lo); lactate (fed > limit-fed; limi-fed not different from fasted; P c .lo). (1982) in that the newborn pig (24-to 48-h-old) is able to synthesize considerable amounts of glucose if allowed to nurse ad libitum. This observation is an important adjustment to the prevailing belief that 3 to 5 d are required to establish sufficient gluconeogenic competence. Previous studies focused exclusively on the fasting pig as a model for the less-competitive pig. This study shows that the degree of stimulation, however, is a function of the volume of colostrum consumed. Thus, supplementation of even 25% of the daily intake fails to elicit full capacity.
The neonate remains poorly capable of converting alanine to glucose irrespective of the colostrum volume consumed. The limited use of alanine may be the result of the low hepatic mitochondrial and cytosolic alanine aminotransferase activity in the neonatal pig (Martin et al., 1973) . The neonate has been shown to possess only 20% of the activity observed in the adult pig @Rosa and Swick, 1975; Sarkar, 1977) . Therefore, the high level of plasma alanine in fed and fasted neonatal pigs (Pegorier et al., 1981) may be disproportionate to the capacity for conversion to glucose.
Octanoate did not alter the rate of glucose synthesis despite the fact that oxidation was markedly greater than that observed for oleate (25-to 30-fold) . This observation was consistent regardless of the quantity of colostrum consumed. Oleate requires a camitine-dependent mitochondrial transport system (Ferre et al., 1981; Hoppel, 1982; Bremer, 1983) . Camitine supply is a relevant consideration because low levels have been observed in livers of newborn and fasted pigs (Kemer et al., 1984) . Fed pigs have high concentrations of carnitine because colostrum is a rich source ET AL.
of it (Bieber et al., 1973) . Different results may have been observed if carnitine-Coenzyme A or oleoylcamitine were incubated with mitochondria, thereby addressing the possibility that either inadequate activation or inadequate camitine acyl transferase activity exists (i.e., couples carnitine to fatty acid).
The link between adequate rates of fatty acid oxidation and gluconeogenesis has been clearly established in the rat (Pegorier et al., 1977) . Oxidation of fatty acids supports gluconeogenesis by supplying acetyl-Coenzyme A and NADH for reactions catalyzed by pyruvate carboxylase and glyceraldehyde-3-phosphate dehydrogenase, respectively (Ferre et al., 1979) . The fatty acid oxidationgluconeogenesis interrelationship, however, was not demonstrated in the present study because use of a highly oxidizable fatty acid (octanoate) failed to elicit an increase in glucose synthesis (Tables 1 and 2 ). This suggests a potential species difference between the pig and rat.
Our conclusion that increased fatty acid oxidation fails to stimulate gluconeogenesis conflicts with results of Duee et al. (1985) . Reasons for this disparity are unclear, but oxidation-stimulated gluconeogenesis in their study was small (28%) and was observed in pigs that were 48 h old. Studies with neonatal rats resulted in complete recovery (Pegorier et al., 1982) . Other considerations include the fact that lactate provides reducing equivalents and that fatty acid oxidation achieved in the present study may not be sufficient to support an increase in gluconeogenesis. These possibilities seem unlikely because pyruvate was used in a subsequent study with similar results, whereas octanoate was oxidized to a greater extent (Table 2 and Lepine et al., unpublished data) than the oleate + carnitine treatment employed by the French workers. It is clear, however, that another factor is involved as a co-limiting factor, if not as the primary factor limiting glucose synthesis by pigs prevented from nursing.
The relative importance of oleate (or other long-chain fatty acids) as an energy substrate for nonhepatic tissues (i.e., thereby sparing glucose) is not yet evident given the lack of any systematic study. However, infusion of oleate proved detrimental to glucose status of newborn pigs unless glucagon was co-infused (Boyd et al., 1985) . The reduction in plasma glucose with oleate infusion was due to a decrease in glucose synthesis from lactate. It is noteworthy, however, that colostrum consumption simultaneously increases the concentration of both nonesterified fatty acids and glucagon o p i n e et al., 1989a).
octanoate could make a significant contribution to the glucose economy, if similar differences exist between octanoate and oleate in nonhepatic tissues. The effect of this alternative energy substrate on irreversible glucose loss and thus net glucose requirement is best quantified in vivo and is worthy of investigation.
The practical significance of either stimulating gluconeogenesis through colostrum supplementation or of reducing tissue utilization of glucose via an alternative energy source (octanoate via mediumchain triglyceride) were investigated in two subsequent studies. &vi-sion of colostrum in a manner similar to that described for this study resulted in a more stable glucose pattern, which could be of practical significance with respect to survival o p i n e et al., 1989a), but a more stable pattern was not observed when colostrum was administered in a manner that better approximates the frequency employable in practice (twice in 30 h at 30 ml/dose) o p i n e et al., 1989b). In contrast, supplementation with a commercial source of octanoate (mediumchain triglyceride) in two doses of 15 ml each with the 30-h timeframe increased glucose concentration and stability dramatically (Lepine et al., 1989b) .
impllcatlons Calculations presented herein demonstrate that normoglycemia in neonatal pigs is dependent on ad libitum nursing and an active gluconeogenesis. Gluconeogenesis is severely deficient in newborn pigs unless they are allowed to nurse. Colostrum (and perhaps milk) exerts a stimulating effect, but the degree of stimulation is a function of intake. Thus, supplementation of lesscompetitive neonates with colostrum would improve gluconeogenesis but would not result in maximum capacity. Octanoate was shown to be a highly oxidizable fatty acid source. It did not stimulate an increase in gluconeogenesis in fasted pigs, which suggests that oxidation is not firstlimiting to the process. The oppo-ty for promoting normoglycemia in practice seems to be greater with octanoate (and perhaps other mediumahain length fatty acids) than with colostrum, given its energy density and therefore its dose potential for reduction in glucose utilization.
